Durable, location independent, environmental-friendly sources of energy which allow for modular, few moving parts, low operating noise, high electricity generation efficiency and compact technology are highly desirable. Solid oxide fuel cells (SOFC) are promising for such energy system development, since they are energy efficient and, if pure hydrogen is used, have virtually no emissions of greenhouse gases except water and heat. However, the technology is still in the early phases of development due to lack of a design for single hydrogen fuel cells, and problems with hydrogen production and storage. In this study, an all year round operation home generator recovering its waste heat, integrated with photovoltaic panels supplying energy to split recyclable water (electrolysis) into hydrogen and oxygen has been put in place. The mathematical models of the unit as energy, charge, efficiency, activation and concentration losses of gases in channels were elaborated. The models gave necessary information for assessing and optimizing the design. The experimental results have demonstrated a remarkable energy generation and recovering with the integrated system, lower noise, possibility of achieving hydrogen economy and therefore clean environment.
Introduction
Since the problems with energy supply and use are related to global warming, environmental concerns such as air pollution, land destruction, and may include emission of radioactive substances; there is growing consensus that our approach to deriving and using energy must be changed. This in turn drives a renewed search for credible alternative energies and more efficient technologies [1] . Indeed, energy is one of the main factors that must be considered in the discussions of sustainable development. In response to the critical need for a cleaner energy technology, some potential solutions have evolved, such as solar and fuel cells [1] .
Fuel cells generate direct current (DC) electricity, like photovoltaic (PV) panels, and heat through an electrochemical combination of gaseous fuel (hydrogen) and oxidant gas (oxygen from the air) through electrodes and via an ion conducting electrolyte without the need for direct combustion as an intermediate step. This gives much higher conversion efficiencies than conventional thermo mechanical methods or a battery because it is not limited by Carnot efficiencies [2] [3] [4] . However, unlike a battery, a fuel cell does not run down or require recharging. A fuel cell operates as long as both fuel and oxidant are supplied to the electrodes and without emission; is extremely attractive from an environmental point of view.
Solid oxide fuel cells (SOFCs) are a part of the family of fuel cell technologies, which are flexible in the choice of fuels such as hydrogen, natural gas, and other renewable fuels [5, 6] . The difference of solid oxide from other types of fuel cells is the catalyst that reacts with hydrogen and oxygen to form water, heat, and power. Solid oxide fuel cells use a solid, non-porous metal oxide, denoting the name solid oxide [7, 8] . SOFC technology is the most demanding from a material standpoint and is developed for its potential market competitiveness arising from the followings: First, they are composed of all-solid-state materials [4, 6] . Second, the cells can operate at temperatures as high as 1000°C, which enables high reactant activity and therefore facilitates fast electrode kinetics (large exchange currents) and reduced activation polarization. This is especially advantageous as precious platinum electro-catalysts are not required and the electrodes cannot be poisoned by carbon monoxide. As a result, carbon monoxide is a potential fuel in SOFCs. The only loss is the ohmic losses due to charge transport across components and component interfaces [9, 10] . Third, the solid state character of all SOFC components means the unit can be modular and that there is no fundamental restriction on the cell configuration. Fourth, the fuel cell itself has no moving parts, making it quiet enough to be installed indoors and its configuration allows a compact design without requiring expensive materials for production, so manufacturing costs could be reduced in the future. These advantages may enable SOFCs to be located anywhere as desired to eliminate the need for transmission lines, making the energy available where there is no grid electricity. SOFCs could provide higher power density, and simpler designs than fuel cells based on liquid electrolytes. SOFCs do not have problems with electrolyte management (liquid electrolytes, for example, which are corrosive and difficult to handle). SOFC can also provide high-quality waste heat for gas turbine, steam turbine and thermoelectric generator (TEG), warm the home or provide thermoelectric refrigeration and air conditioning without refrigerants harmful to the environment. SOFCs have a potential long life expectancy of more than 40000-80000 h [11].
The electrolysis process, which Sir William Grove invented in 1839 was reversed fifty years later, by scientists Ludwig Mond and Charles Langer (which they coined the fuel cell), to produce electricity [5] . Emil Baur, a Swiss scientist and his colleague Preis experimented with solid oxide electrolytes in the late 1930s, using such materials as zirconium, yttrium, cerium, lanthanum, and tungsten oxide, achieving the operation of the first ceramic fuel cell at 1000 0 C in 1937 [5, 9] . By the late 1950s, research into solid oxide technology began to accelerate at the Central Technical Institute in Hague, Netherlands, Consolidation Coal Company, in Pennsylvania, and General Electric, in Schenectady, . The promise of a high temperature cell that would be tolerant of carbon monoxide and use a stable solid electrolyte continued to draw modest attention. Researchers at Westinghouse, for example, experimented with a cell using zirconium oxide and calcium oxide in 1962 [12, 13] . More recently, climbing energy prices and advances in materials technology have reinvigorated work on SOFCs, and a recent report noted about 40 companies working on these fuel cells that include Global Thermoelectric's Fuel Cell Division, at the Julich Research Institute in Germany [14] . Venkatasubramanian et al [14] , Rosendahl et al [15] and Brawn [16] reported work done on SOFC, with heat recovering thermoelectric generator (TEG), which shoot the efficiency of the system higher than 60%. Research work also continued to find a way to see if production of hydrogen can be integrated with the SOFC system. However, no attempt has been made to integrate SOFC with photovoltaic (PV) electrolysis and at the same time incorporate thermoelectric generator (TEG) in the system. A foray to achieve this is the essence of this presentation.
Materials and Method
A tripartite system as shown in Figure 1 is considered in this study, which is an integration of PV panel, an electrolysis compartment within the PV panel, (for hydrogen fuel production), eight layers of stacked SOFC in the vertical direction (from bottom-to-top); air-tight interconnect (current collector); air-side gas microchannels, porous cathode, solid electrolyte, porous anode, fuel-side micro-channels, interconnect on fuel side and four TEGs. Figures 2c (i and ii) depicts the major components. The length of the SOFC is 128mm, width 100mm and height 80mm. The water vessel is made up of perplex glass with connected tubes, which lead away water into the PV-electrolysis panel and receive hydrogen and oxygen from the SOFC. Oxygen and hydrogen are introduced to the micro-channels of the SOFC via manifolds that would support a thin film structure to generate current. In the The PV panel is made of monocrystalline semi-conductors with a single photoelectrolysis nanoscale process: photon absorption in the PV creates a local electron-hole pair that electrochemically splits a neighboring water molecule. The semiconductor electrode is not in contact with the solution, but only air, so that corrosion problems cease; long lifetime is thus expected, the current density is reduced and the capital cost of electrolyzer is eliminated. The anode is made up of a combination of nickel and yttria stabilized zirconia, the cathode is made up of lanthanum strontium maganate and the electrolyte is of yttria stabilized zirconia. The cathode contact is lanthanum strontium chromate; the anode contact is nickel mesh and the sealing is with barium silicate glass. To increase voltage output to produce significant amounts of power, the SOFC elements, each including an anode, electrolyte, and cathode, are stacked (analogous to a multi-layered sandwich) with interconnecting plates between them that connect the anode of one cell to the cathode of the next cell in the stack to form the heart of a clean power generator. The cell frame is made up of doped lanthanum chromium ferrite (LaCro 3 Fer22APU (JS-3), particularly suitable from its high electronic conductivity, its stability in the fuel cell environment and its compatibility with other cell components. The basic topology of the tubular design is retained and translated into planar geometries [18, 19] . Therefore, the cells are flat-plates bonded together and placed one on top of the other to form a stack as shown in figure 2c (i and ii) and hydrogen and air flow down channels in the bipolar plates. The cells are connected in electrical series to build a desired output voltage and can be configured in parallel to build up the current or combination of series-parallel or as single units, depending upon the type of applications. The number of fuel cells in a stack determines the total voltage, and the surface of each cell gives the total current.
The TEGs (figure 2d) attacked to the SOFC consist of semi-conductors and a compression assembly system [14, 15] . The compression assembly system aims to decrease the thermal contact resistance between the thermoelectric module and the SOFC surface. The size of the module used in the TEG is 12 mm thick by 120mm length and 80 mm in height. The module consists of 4 couples of p-and n-type Si-Ge elements. Sixteen modules are arranged around the fuel cell with a rectangular cross. At each side of the fuel cell, four modules each are electrically connected in series in each side of the fuel stack to increase the voltages and the current of the system is double by having the four modules connected to each of the other four modules in the three other sides of the fuel stack in parallel using Molybdenum electrodes by brazing method.
Theoretical Formulation and Analysis of the System
Electrolysis, SOFC and TEG modeling techniques have advanced significantly, with models at both micro-scales and macro-scales being developed. In SOFC and electrolysis of water, complex multi-physical and chemical phenomena interact with
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3.1: Assessment of the PV Hydrogen Fuel for the SOFC
The process of electrolysis of water must provide the energy for the dissociation plus the energy to expand the produced gases [17] . Both of these are included in the change in enthalpy. The chemical equation for electrolysis is: Energy (electricity) + 2H 2 O -> O 2 + 2H 2 As water is not a very good conductor, in order for there to be a flow of charge all the way around the circuit, water molecules near the cathode are split up into a positively charged hydrogen ion, which is symbolized as H + , and a negatively charged "hydroxide" ion, symbolized as OH:
The hydrogen atom meets another hydrogen atom and forms a hydrogen gas molecule: H + H -> H 2 , and this molecule bubbles to the surface to form hydrogen gas. In this way, a closed circuit is created, involving negatively charged particles -electrons in the wire, hydroxide ions in the water. The energy delivered by the solar panel is stored by the production of hydrogen.
A detailed analysis of the electrolysis process makes use of the four thermodynamic potentials and the first law of thermodynamics. This process is presumed to be at 298K and one atmosphere pressure. The system's work and internal energy are: W = pΔv (1) ΔU = ΔH -pΔv (2) where W is the work done; p, pressure; Δv, change in volume; ΔU, change internal energy and ΔH, change in enthalpy -pΔv. This change in internal energy must be accompanied by the expansion of the gases produced, so the change in enthalpy represents the necessary energy to accomplish the electrolysis. However, it is not necessary to put in this whole amount in the form of electrical energy. Since the entropy, TΔS, increases in the process of dissociation, the amount TΔS can be provided from the environment at temperature, T. The amount which must be supplied by the PV solar panel is actually the change in the Gibbs free energy, ΔG: ΔG = ΔH -TΔS (3) The utility of the Gibbs free energy is that it is a measure of the amount of energy, which must be supplied to get the process to proceed.
Calculation of the theoretical (maximum) volume, v of the hydrogen produced, in cubic meters, from the other data for the current, I and the time, t using Faraday's First Law is provided by the equation [4] : 1 Joule/meter 3 ), z = number of excess electrons = 2 (for hydrogen, H 2 ), 4 (if oxygen production is being measured).
Finally, calculation of the efficiency of the electrolysis by comparing the volume produced to the theoretical maximum volume yields:
Efficiency (in %) = 100 x V produced / V theoretical (5)
3.2: Chemistry and Thermodynamics of the SOFC.
The physical-chemical transport phenomena within SOFC are complex, and so are the corresponding mathematical and numerical methods presently employed [19] . These include convection-diffusion of multi-species gas mixtures in micro-channels and porous media, heat and mass transfer due to electrochemical reactions and associated Ohmic heating, as well as kinetic (activation) terms. In SOFC, the ideal electric potential is a function of the fuel and oxidant concentrations, temperature, and pressure. The actual potential is less than the theoretical value due to kinetic, mass transfer and electrical losses. Current density is dependent on both voltage and cell resistance. Sources and sinks of mass, species and heat, are a function of current density. Thus the transport problem is fully coupled, that is, mass transfer in H 2 and O 2 channels and porous media; heat transfer in all constituent materials; electrochemical reactions at interfaces between electrolyte and electrodes; electronic and ionic charge transfer through solid and porous media. Convective heat transfer is the dominant transfer mechanism in the micro-channels, while conduction is important in the solid materials; i.e. the problem is one of so-called conjugate heat transfer.
At the fuel cell, the positive anode will cause the negatively charged hydroxide ion (OH -) to travel across the container to the anode, where the extra electron that the hydroxide stole from the hydrogen atom earlier is removed, and then the oxygen can react violently with the hydrogen gas, such that the hydrogen burns, or combusts, with the oxygen to form water and heat, generating electricity and according to the chemical reaction:
2H 2 + O 2 -> 2H 2 O + energy (heat). Understanding the impacts of variables such as temperature, pressure, and gas constituents on performance allows for the optimization of the design of the modular fuel cell units as well as the maximization of the performance of systems applications. A logical first step in understanding the operation of a fuel cell is to define and determine its ideal performance; losses arising from non-ideal behavior can be calculated, and then deducted from the ideal performance to describe the actual operation [4] . This is provided by the chemistry and thermodynamics of the reaction as follow: 
ΔG rev is the maximum useful work associated with a chemical reaction, ΔH is the maximum heat associated with a chemical reaction at rev reversible conditions and η f is fuel cell efficiency. There are many ways in which the Gibbs function can change: temperature, pressure, amount of material, surface area and elastic stretch: (8a) If everything is kept constant (for constant temperature, pressure, area and length), except material, then the changes in the Gibbs function is the result of the changes in the composition of the system: (8b) If the Gibbs function is known in terms of pressure, temperature and amount of material (T, P, n), then, with a variety of partial derivatives, all other thermodynamic properties can be calculated. If the Helmholtz function is expressed in terms of (T, v, n), whwre n stands for number of moles, then we have access to all the other parameters also. However, if we only know G in terms of (T, v, n), then we cannot perform the necessary differentials.
A detailed analysis of the fuel process makes use of the same thermodynamic potentials, but the process of electrolysis reversed in SOFC. In comparing the fuel cell process to its reverse reaction, electrolysis of water, it is useful to treat the enthalpy change as the overall energy change. So in the electrolysis/fuel cell pair where the enthalpy change is 285.8 kJ, 237.1 kJ of energy has to be put in to drive the electrolysis and the heat from the environment will contribute TΔS=48.7 kJ to add up to it. Going the other way in the fuel cell, 237.1 kJ as electric energy is produced, but have to dump TΔS = 48.7 kJ to the environment. For this ideal case, the fuel energy is converted to electrical energy at an efficiency of 237.1/285.8 x100% = 83%. This is far greater than the ideal efficiency of a generating facility which burned the hydrogen and used the heat to power a generator. Although real fuel cells do not approach this ideal efficiency, they are still much more efficient than any electric power plant which burns a fuel. An interesting difference between the fuel cell and the combustion process is that many fuel cells attempt to release the higher enthalpy of reaction, whereas combustion usually releases the lower enthalpy (or internal energy) of reaction.
When the substance is a charged particle (such as an electron or an ion) the response of the particle must be included to an electrical field in addition to its chemical potential. This is called the electrochemical potential, k µ given as [4] :
The
Osaka, Japan (9a) µ is the chemical potential, z is the charge on the particle, F is Faraday's constant and ϕ is the field under consideration. At reversible reaction in quilibrium, 
where E rev is the reversible electromotive force, E c , the electromotive force at the cathode and E a , the electromotive force at the anode. The superscript, o stands for values obtained at atmospheric conditions.
For an ideal gas, integration of the expressions for the dependence of amount of material on the Gibbs function, leads to the following relationship [4]:
(12) Q contains all of the activity of terms of the reactants and products, each raised to its stoiochiometric coefficient. ΔG=-nFE rev and ΔH =-nFE therm . The relation between cell potential, E and free energy then leads to the following equation: (13b) When all participants have unit activity (a=1), then Q=1 and lnQ=0; and ΔG= ΔG o , reaction proceeds, Q changes, until finally ΔG=0 and the reaction stops. This is equilibrium. The chemical equation of reactants and products is usually given by the reaction quotient: (14) which always has products in the numerator and reactants in the denominator and explicitly requires the activity of each reaction participant. Each term is raised to the power of its stoichiometric coefficient; terms involving solids, pure liquids, and solvents are left out, solutes appear as the concentration (in moles) and gases appear with their partial pressure. Substituting back equation (14), with water as the product and hydrogen and oxygen as the reactants along with their pressires, into equation (13b 
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Chemical reactions, including electrochemical reactions, must overcome energy barriers, called activation energy, for the reaction to proceed. This leads to activation polarization. The activation loss is given by the Butler-Volmer equation The performance of the fuel cell depends on the electrochemical reactions that take place at the tpb. A relationship that governs the mass flow rate conservation in the fuel cell is given by [22] :
where v is the volume of the fuel cell electrode, N in is the input mole flow rate, N o is the output mole flow rate, N r is the mole flow rate reacted, p is the partial pressure, and x is the species. The electricity generated from the electrochemical reaction inside the fuel cell is given by [22] : • Auxiliary loads -parasitic power consumption: η a =1-P pl /P total The total efficiency is multiplicative and expressed, therefore, as: η total =η rev .η volt .η F .η u .η a (23) In general, the cell energy balance states that the enthalpy flow of the reactants entering the cell will equal the enthalpy flow of the products leaving the cell plus the sum of three terms: (1) the net heat generated by physical and chemical processes within the cell, (2) the direct current, DC power output from the cell, and (3) the heat loss from the cell to its surroundings. The first general purpose fuel cell model was a Nernst-limited model designed to compute the maximum attainable fuel cell voltage as a function of the cell operating conditions, inlet stream compositions, and desired fuel utilization. As operation deviates from the set point conditions at a reference state, a voltage adjustment is applied to account for perturbations. Separate voltage adjustments are applied for current density, temperature, pressure, fuel utilization, fuel composition, oxidant utilization, oxidant composition, cell lifetime, and production year [8] .
3.3: Thermodynamics of the Thermoelectric Generator to Recover SOFC Waste Heat
The efficiency of a thermoelectric generator (TEG) is the amount of electrical power generated, P elec for a given amount of heat input, P h , that is, η TE = P elec /P h . This efficiency can be calculated as a function of the hot-side temperature, T h , the coldside temperature, T c , and the dimensionless figure of merit, ZT as [14, 15, 24] η g =η he .η h .η e (26) where: η he is the efficiency of heat exchange of the generator η h the ratio of heat flux through the elements in the modules to that from the inner shell to outer shell and η e the thermoelectric conversion efficiency of the elements. The following are design specifications for the thermoelectric module: maximum difference in temperature, dT max =10.5 0 C, p max =11Watts, Seebeck's co-efficient, S =2.0 x 10 -4 V/K; resistance, figure of merit, z=0.002346, ρ=1.10 x 10 -3 ohm-cm and thermal conductivity, k p =1.55 x 10 -4 watts/m-K.); ρ, resistance (ohms) of the semiconductors; σ, electrical conductivity; k p ; material thermal conductivity for p-type and k p , thermal conductivity for n type semi-conductor and R, resistance, in Ω of the system. Δt stands for change in temperature.
Results and Discussion
A model of the system was built and test run under laboratory conditions. Input water was distilled to ensure impurities is reduced to the barest minimum. A two month period was used in winter and summer respectively to determine these seasonal effect on performance and values averaged over the period. Digital instrumentations were used to gather data, which were assessed by the formulae presnted above. Obtained results are presented in tables 1-3 and figures 3-6 depict the characteristic perfomance.
The The first step was to determine the effect of solar energy trapping on the system outputs. From table 1 and figure 3, it comes out that varying solar insolation vary the amount of the H 2 input yield, which has an impact on the total plant power as well as the electricity generated by the thermoelectric device. The next step was to determine the energy production in the SOFC as in table 2 and figure 4.   0  20  40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340   30  60  90  120  150  180  210  240  270  300  330  360  390  420  450 
Figure 4: Energy of SOFC as a Function of Temperature
There is a marked difference between the results obtained at low temperature as indicated by the zigzag lines and at high temperature where the energy released appears linear. This is because at the low temperature part of the fuel is still in liquid state yielding both the higher and lower heating values of energy. At about 700 0 C upward, figure 4 shows that while the energy released by the fuel continues to increase; there is marked drop in the available energy and the efficiencies (theoretical and thermal) of the system. However, there is only slight change in the voltage, which decreases as well. The thermodynamic analysis as shown in figure 5 indicates that the SOFC with TEG has essential advantage as the total energy tends to be higher, thereby increasing the conversion of chemical energy of hydrogen into electrical energy. Again, the performance of the combined unit shows that this is dependent on the solar insolation; lower in the morning and evening than the afternoon. . The obtained results show that a remarkable energy can be generated and recovered from combining the photoelectrolysis with SOFC and TEGs. The thermodynamic analysis shows the SOFC with TEG has essential advantage as the total energy tends to be higher, thereby increasing the conversion of chemical energy of hydrogen into electrical energy. These observations can have important implications for the development of 
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The Asian Conference on Society, Education, and Technology 2013 Official Conference Proceedings Osaka, Japan the integrated unit with enhanced performance in this part of the world where seasonal temperature is above 30 0 C (303K). Finally, all the efficiencies of the electrolysis, SOFC without TEG and SOFC with TEG were computed and presented in figure 5.
Figure 6: Comparative Efficiency of the Electrolysis, SOFC and SOFC+TEG Processes
From figure 6, it is found that the time and therefore, temperature dependence of the three components has a significant effect on the power, efficiency and optimal energy variables; increasing the temperature difference will always improve the power and efficiency. However, because of the effects of temperature dependence of the components, with the increase of temperature difference, the power improves more and more slowly while the efficiency remains constnt. From figure 5 , where the efficiency of electrolysis process is estimated to be a constant value of 98.3 per cent, the SOFC with TEGs recorded maximum efficiency of 25.8; apart from this value, their combined efficiency stood at average value of 26.1.
Conclusion
The main achievement of this study is the development of a modular SOFC unit that is powered by a photovoltaic solar panel, has TEGs attached and can be used for future research. The mathematical models of the unit as energy, charge, efficiency, activation and concentration losses of gases in channels were elaborated. The models gave necessary information for assessing and optimizing the design. Analysis indicated that the performance of the entire system is strongly dependent on intensity of solar insolation; lower in the morning and evening than the afternoon. In this part of the world, the experimental results have demonstrated a remarkable energy generation and recovering with the integrated unit, which could have important implications for the development of a unit with enhance performance. It is similarly critical that the technologies be demonstrated to perform and achieve the projected performance targets and demonstrate long life. 
